Barium titanate (BaTiO 3 ) powders were synthesized from commercially available raw materials (BaCO 3 and rutile) without particular mechanochemical processing by solid-state reactions in water vapour atmosphere. The formation rate of BaTiO 3 was accelerated by water vapour and single phase of BaTiO 3 was obtained by calcination at 700 °C for 4 h in water vapour atmosphere, though high temperature (850 °C for 2.5 h) was required by calcinations in air to complete the reaction. The formation kinetics followed the Valensi-Carter equation, which suggested that the reaction proceeded by a diffusion controlled process. The apparent activation energy for the formation of BaTiO 3 in air and water vapour atmosphere was estimated to be 361 ± 20 kJ/mol and 142 ± 17 kJ/mol, respectively. Water vapour is considered to enhance thermal decomposition of BaCO 3 and formation of BaTiO 3 by attacking surface Ti-O-Ti bonds in TiO 2 , increasing partial pressure of Ba(OH) 2 , and producing vacancies in the BaTiO 3 structure.
Introduction
Barium titanate (BaTiO 3 ) is well-known electroceramics widely utilized for manufactures of piezoelectric actuators and multilayer ceramic capacitors (MLCCs) due to its excellent dielectric properties. BaTiO 3 powders are conventionally prepared by solid-state reactions of barium carbonate (BaCO 3 ) and titanium dioxide (TiO 2 ) at temperatures above 1000 °C. The high calcination temperature required by the solid-state reaction process leads to many disadvantages of the BaTiO 3 powders, such as large particle size with a wide size distribution and high degree of particle agglomeration. Recent studies have clearly shown that the reduction of the particle size of the raw materials (BaCO 3 and TiO 2 ) to submicrometer or even to nanoscale results in a significant decrease of the calcination temperatures. [1] [2] [3] By using the submicrometer BaCO 3 (d 50 = 0.17 μm) and fine TiO 2 (d 50 = 0.2 μm), single phase of BaTiO 3 was almost obtained at 900 °C for 6 h. 1 The formation of BaTiO 3 by solid-state reactions of nanocrystalline BaCO 3 and TiO 2 powders was completed at 700-800 °C. [2] [3] In addition, mechanochemical effects are known to be quite effective to reduce the calcination temperatures for solid-state reactions.
The aim of this study is to prepare BaTiO 3 powders at low temperatures in water vapour atmosphere by solid-state reactions using commercially available raw materials without particular mechanochemical processing. In this paper, the influence of water vapour on the formation kinetics of BaTiO 3 is reported and its formation mechanism is discussed.
Experimental procedures
The commercially available was calcined at 650-1000 °C for 0.5-12 h in air and water vapour atmosphere by a tubular furnace equipped with a water evaporator. Calcinations in air atmosphere were performed in stagnant condition.
In water vapour atmosphere, distilled water was introduced at a flow rate of 2 mL/min into the evaporator without a carrier gas to generate 100% water vapour atmosphere in the furnace. Flow rate of water vapour was estimated to be 2.5 L/min.
Crystalline phases in the products were identified by powder X-ray diffractions (XRD) obtained by a Rigaku Rotaflex RAD-RC diffractometer using Cu Kα radiation operating at voltage and current of 40 kV and 100 mA, respectively. Data were collected in the range of 5-80° in 2θ/θ scanning mode with a 0.02° step and scanning speed of 4°/min.
The amount of BaTiO 3 in each sample was determined from XRD peak areas of BaTiO 3 (1 0 1) (1 1 0) and silicon (1 1 1) diffraction. Silicon (Sigma-Aldrich, USA, 99.999% purity) was used as an internal standard. The calibration curve was previously obtained from the mixtures of silicon and pure BaTiO 3 which was prepared by solid-state reaction at 800 °C for 12 h, followed by calcination at 1200 °C for 6 h in air. TiO 2 was used as a dilution agent. Data were collected in the range of 27-33° in 2θ/θ scanning mode with a 0.006° step and scanning speed of 0.5°/min.
The lattice constants were calculated by the least square method using silicon as an internal standard.
Data were collected in the range of 65-135° in 2θ/θ scanning mode with a 0.006° step and scanning speed of 0.5°/min. Specific surface area, S BET , was measured by the BET method using nitrogen with a Yuasa-ionics NOVA-1200 instrument. The equivalent BET diameter, d BET , was calculated by the following equation:
TiO 2 were conducted at 750 °C for 2 h in stagnant air and N 2 flowing atmosphere. N 2 gas was introduced to generate 100% N 2 gas flowing atmosphere in the furnace at the same flow rate of 2.5 L/min with that for 100% water vapour atmosphere. As shown in Fig. 1 , the products obtained in stagnant air and N 2 flowing atmosphere gave the similar XRD patterns which showed that a large amount of BaCO 3 remained and a small amount of BaTiO 3 was formed. We considered that a gas flow for forcible removing of CO 2 gas had little effects on the decomposition of BaCO 3 . Consequently, we examined the effect of water vapour atmosphere on the formation of BaTiO 3 comparing with stagnant air atmosphere. In order to investigate the reaction kinetics and formation mechanism of BaTiO 3 , quantitative analysis of BaTiO 3 in each sample was conducted by the XRD using the internal standard method. The formation ratios of BaTiO 3 (fraction reacted: α) are plotted against calcination time at various temperatures in Fig. 3 .
The single phase of BaTiO 3 was obtained in water vapour atmosphere by calcinations at 700 °C for 4 h and 750 °C for 2 h. However, the BaTiO 3 (1 0 1) (1 1 0) XRD peak area of these samples was slightly lower than that of fully crystallized BaTiO 3 , which results in lower formation ratios of these samples than The Valensi-Carter equation is given as Eq. (2).
where z represents the volume of product formed per unit volume of reactant consumed, α the fraction reacted, k the reaction rate constant, and t the reaction time. In the case of the reaction of BaCO 3 and TiO 2 to form BaTiO 3 , z is 0.600. Fig. 4 shows the Valensi-Carter plots for the reaction of BaCO 3 and TiO 2 . The linear relation was obtained for all data, which suggests that it is reasonable to conclude that the formation mechanism of BaTiO 3 in both atmospheres is diffusion controlled process following the Furthermore, the lower CO 2 partial pressure in the water vapour might enhance the decomposition of BaCO 3 decomposition.
We previously showed that water adsorbed on the surface of amorphous titania particles catalyzed the rearrangement of the TiO 6 octahedra to accelerate the crystallization of amorphous titania to anatase. and O 2-ions to the TiO 2 reaction front through the BaTiO 3 layer is accelerated by vacancy mechanism with three different vacancies formed in water vapour atmosphere.
Powder properties and tetragonality
The specific surface area and particle size of selected BaTiO 3 powders prepared in this study are shown in Table 1 . The results show that BaTiO 3 powders with the same or smaller particle size in comparison with those obtained in air were prepared in water vapour atmosphere by calcinations at lower temperatures for a shorter time. For example, the particle size of BaTiO 3 powder obtained by calcination at 750 °C for 2 h in water vapour atmosphere was estimated to be 0.24 μm from its specific surface area, but 0.25 μm by calcination at 850 °C for 3 h in air. Intensity / a.u. 
